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Bainite Formation in Medium-Carbon Low-Silicon
Spring Steels Accounting for Chemical Segregation
C. GOULAS, M.G. MECOZZI, and J. SIETSMA
In this paper, the eﬀect of chemical inhomogeneity on the isothermal bainite formation is
investigated in medium-carbon low-silicon spring steel by dilatometry and microscopy. The
analysis of the microstructure at diﬀerent times during transformation shows that chemical
segregation of substitutional alloying elements resulting from casting strongly aﬀects the bainite
formation by retarding the transformation kinetics and limiting the maximum achievable
bainite fraction. During holding at temperatures close to and above the martensite start
temperature, a homogeneous lower bainitic microstructure can be eventually obtained, whereas
at higher temperatures, incomplete bainitic reaction is evident. It was also found that at the
early stages of the transformation, diﬀerences in the bainite formation kinetics, due to local
inhomogeneities in Cr and Mn concentration, result in retardation of the growth of bainite in
the high Mn and Cr concentration regions. The calculated diﬀerence in driving force for
nucleation between the enriched and the depleted areas is not by itself suﬃcient to explain the
microstructures obtained and thus signiﬁcant inﬂuence of growth on bainite formation is
observed. Particularly, it was calculated and experimentally observed that Cr partitions in the
carbides in the high Mn, Cr regions during the isothermal treatment, limiting the transformation
kinetics.
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I. INTRODUCTION
IN the past decades, the continuous market demand
for improving vehicle performance and the rising
awareness about CO2 emission and energy consumption
created the need to develop new, more energy eﬃcient
production processes that include commonly used heat
treatments. To reduce the overall weight of vehicles, the
automotive industry needs to focus on each individual
component. This research is related to the deﬁnition of
alternative heat treatments to produce automotive
springs. Low-alloyed, medium- or high-carbon steels
are the most commonly used materials for automotive
spring production. Recently, research on spring
steels started to concentrate on springs with bainitic
microstructures, instead of the commonly used tem-
pered martensitic microstructures. Bainitic microstruc-
ture oﬀers in principle signiﬁcant advantages over the
most commonly used tempered martensite. First of all, it
oﬀers a ﬁne microstructure with high strength and
acceptable ductility. The fully bainitic microstructure
has a lower crack growth rate than tempered martensite.
Tomita and Okabayashi showed that lower bainite
exhibits increased fracture ductility and notch tough-
ness, because micro-crack propagation is eﬀectively
inhibited by the ﬁne bainitic ferrite plate morphology.[1]
The bainitic microstructure, containing ﬁne and evenly
dispersed hard cementite precipitates, can be expected to
eﬀectively retard the fatigue crack growth by crack
interlocking.[2] Additionally, during processing, the
tempering treatment can be avoided, which is an
indispensable and costly step of the tempered martensite
production. In this way, temper embrittlement is
avoided as well and a lower energy amount is needed
for the heat treatment.
Although bainite and its advantages have been known
for decades, the incomplete understanding of the inﬂu-
ence of chemical composition and process parameters
on the resulting bainite fraction and morphology limits
the industrial development of bainitic steels. For almost
a century, a large body of research has been done on the
bainite reaction and two conﬂicting ideas about mech-
anism of formation of bainite have been developed.
When formed at low temperatures, bainite looks like
martensite and it is sometimes even impossible to
distinguish them microscopically. This experimental
ﬁnding suggests that the mechanism of formation of
bainite is similar to that of martensite and therefore is
diﬀusionless in nature. On the other hand, an increasing
number of experimental and theoretical studies support
the similarity between bainitic ferrite and proeutectoid
ferrite with Widmansta¨tten morphology and the idea
that bainite grows under carbon diﬀusion. Hultgren ﬁrst
proposed in 1947 that upper bainite could form by initial
Widmansta¨tten ferrite formation, with subsequent
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precipitation of cementite on its sides.[3] The concept
was further analyzed by Hillert, who has shown that
there is no reason to treat Widmansta¨tten ferrite and
bainitic ferrite as diﬀerent products, as there is no
kinetic discontinuity.[4] According to this approach, the
bainitic ferrite nucleates at austenite grain boundaries
and grows at a rate determined by the diﬀusivity of
carbon. Aaronson et al., supporting the above-described
theory, have considered the eﬀect of alloying elements
on the bainitic transformation, and the potential segre-
gation of substitutional elements at the growing phase
interface.[5] The incomplete reaction phenomenon,
described as the premature cessation of bainite forma-
tion before the equilibrium fraction of this phase is
attained, is explained by the solute drag eﬀect that
signiﬁcantly retards the growth of the bainitic ferrite.[6–8]
The diﬀusionless approach was introduced by Zener
in 1946[9] further developed by Ko and Cottrell,[10] and
more recently supported by Bhadeshia.[11] According to
this approach, a sub-unit of bainitic ferrite, supersatu-
rated in carbon, nucleates on an austenite grain bound-
ary. The growth is practically instantaneous and
displacive and stops because of the plastic deformation
of the adjacent austenite. After growth stops, carbon is
rejected from the supersaturated ferrite by diﬀusion into
the residual austenite, in which it can form carbides with
para-equilibrium composition. Carbon can also directly
precipitate in the form of carbides within the bainitic
ferrite sub-unit, if insuﬃcient diﬀusion can take place
due to the transformation temperature being low. Once
bainitic sub-units have formed, the bainite formation
can continue by the autocatalytic nucleation and dis-
placive growth of new sub-units on the tip of previously
formed sub-units. Bainitic transformation can be incom-
plete if carbide precipitation is inhibited. This implies
that the austenite is gradually enriched in carbon and is
eventually stabilized at the given temperature. In this
case, according to Zener, diﬀusionless growth would
cease when the carbon content of the residual austenite
reaches a value, for which at the given temperature,
ferrite and austenite have the same Gibbs free energies.
These points form a curve, which was later named ‘‘T0
curve.’’[12] It has also been proposed that the line of equal
Gibbs free energy of austenite and ferrite should be
calculated with an additional term for ferrite due to the
strain energy in the untransformed austenite. Therefore
the maximum carbon content for diﬀusionless growth
should diﬀer from the value predicted by the T0 curve.
Bhadeshia estimated the driving force for diﬀusionless
growth at experimental bainite start temperature equal to
400 J/mol.[12] The calculated curve with 400 J/mol of
additional energy in ferrite was denoted with T0¢ curve.
The role of carbon and substitutional alloy elements
in the bainite formation is described diﬀerently within
the two competitive schools of thought. This makes the
design of bainitic treatments on industrial scale a very
challenging task, especially in the presence of composi-
tional inhomogeneity in the industrial steel product.
One source of compositional inhomogeneity in steel is
the microsegregation of alloy elements during the
solidiﬁcation process, when the liquid, present in the
interdendritic spaces, becomes enriched of alloy
elements, such as manganese, chromium, silicon, molyb-
denum, and phosphorous, and the dendrites cores
become depleted of these solute elements. After solid-
iﬁcation, there are regions with low and high solute
element concentrations in austenite. Hot rolling trans-
forms these regions into parallel layers in which austen-
ite exhibits diﬀerent transformation kinetics to
allotriomorphic and Widmansta¨tten ferrite, pearlite,
bainite, or martensite. This can determine the formation
of a laminated microstructure, called banding.
In the present study, we will explore the microstruc-
ture evolution of hot-rolled 51CrV4, in case a subse-
quent isothermal bainitic treatment is applied. The eﬀect
of compositional inhomogeneity on the bainite forma-
tion kinetics is analyzed. Interrupted dilatometry tests,
microscopy and thermodynamic calculations help to
monitor and explain the segregation-induced diﬀerences
in the formation of bainite at diﬀerent temperatures.
II. EXPERIMENTAL PROCEDURE
Samples of 51CrV4 steel with chemical composition
shown in Table I were received in the as-rolled condi-
tion. The samples were cut out of hot-rolled bars with
dimensions 95 9 49 9 5500 mm3. The chemical analysis
was performed on 30 9 30 mm2 cross-sections of the
bars, transverse to the rolling direction, by means of
optical emission spectroscopy (OES). Dilatometric
cylindrical specimens were machined using wire elec-
tro-discharge machining (EDM) with dimensions
F4 9 10 mm2. EDM was used to assure that the
dimensions have low tolerance and at the same time
the initial microstructure remains intact.
The dilatometric tests were performed in a Ba¨hr 805A
Quench dilatometer. This instrument uses an induction
coil to heat the sample and detects the length change of
the sample with a linear variable displacement trans-
ducer (LVDT). The specimens were placed in the
dilatometer with a thermocouple spot welded at the
middle in order to control the temperature. Experiments
with two thermocouples were also performed, one at the
edge and the second at the middle in order to check the
temperature gradient and whether the transformations
occur evenly in the whole sample. In all experiments, the
temperature diﬀerences recorded by the two thermo-
couples were within 10 K (10 C).
All samples were heated within 60 seconds to the
austenitization temperature, 1173 K (900 C), under
vacuum and then quenched to an isothermal holding
temperature in the range from 573 K to 783 K (300 C
to 510 C) using Helium (He) gas. The quenching rate
was high enough to avoid austenite-ferrite transforma-
tion according to CCT diagrams for the speciﬁc chem-
ical composition. This rate was chosen to be 30 K/s
Table I. Chemical Composition of the 51CrV4 Grade as
Measured by Optical Emission Spectroscopy
Elements C Mn Si Cr V
Wt pct 0.51 1.02 0.33 1.15 0.12
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(30 C/s). After the isothermal holding, the samples were
quenched to room temperature. Interrupted treatments
were performed on the basis of time intervals allowing the
same volume fraction of bainite to be transformed for the
diﬀerent temperatures, as reported in Table II. The
holding for 125 seconds at 693 K (420 C) produces
equivalent bainite fraction as the holding for 250 seconds
at 573 K (300 C). The same correspondence is obtained
between the treatment for 250 seconds at 693 K (300 C)
and the treatment for 500 seconds at 573 K (300 C).
Dilatometric curves were analyzed in order to evalu-
ate the bainite formation at the diﬀerent temperatures.
For microstructural characterization, the dilatometric
samples were mounted on a specially designed sample
holder, then ground, polished, and etched with Nital
2 pct for 6 seconds. The specimens were examined by
means of light optical microscopy for phase identiﬁca-
tion. For the analysis, an Olympus BX60M optical
microscope was used.
For scanning electron microscopy (SEM) and scan-
ning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS) analysis, specimens were
prepared from the dilatometry samples. Even though the
temperature gradient within the dilatometric specimen
during the heat treatment was found to be within 10 K,
in order to ensure that the microstructure observations
were consistent with the dilatometry measurements, the
sample disks were cut from the middle zone of the
dilatometric specimen. For SEM, the specimen was
prepared following standard metallographic polishing
procedure, and for STEM the disks were manually
ground down to 60 lm, and then Ar ion was polished to
ﬁnal thickness using GATAN 691 PIPS system. For the
SEM observation a Field Emission Gun (FEG)-SEM
JEOL 6500F operated at 15 kV was employed, while for
the STEM-EDS analysis, a JEM 2100 electron micro-
scope operated at 200 kV was used.
Finally, Electron ProbeMicro Analysis was performed
to evaluate alloying element segregation. The measure-
ments were performed with a JEOL JXA 8900R micro-
probe using an electron beam with energy of 10 keV and
beam current of nominal 1000 nA employing wavelength
dispersive spectrometry (WDS). The points of analysis
were located along a 500 lm line with increments of 5 lm
and involved the elements Mn, Cr, Si, and V.
III. RESULTS
Figure shows the dilatometric curves obtained for
treatments at diﬀerent isothermal holding temperatures.
It can be noticed in Figure 1(a) that as the isothermal
holding temperature becomes higher, the relative
dilatation during holding decreases. After the isothermal
holding at 693 K, 783 K (420 C, 510 C), fresh marten-
site forms during the ﬁnal quench, as shown by the
deviation from the linearity of the dilatation curve. After
isothermal holding at the lowest temperature, the dilato-
metric signal is linear during the ﬁnal quench, indicating
the absence of transformation in that segment. The
artifact at the onset of the isothermal holding observed in
the temperature monitoring of the treatments is caused
by the shifting from the quenching stage to the isother-
mal stage, and was found to have no implication on the
subsequent isothermal phase transformation. No ferrite
was found to form at the prior austenite grain bound-
aries. In Figure 1(b), it can be seen that the bainite
formation goes to completion within one hour for the
lower two temperatures. During the isothermal holding
at 783 K (510 C), the dilatation is still increasing at the
end of the experiment, but this change in length is
attributed to a transformation product diﬀerent than
normal bainite/bainitic ferrite, as will be shown later.
From the samples used for the curves of Figure 1,
only information about the ﬁnal microstructure can be
obtained. Interrupted heat treatment experiments were
performed in order to follow the microstructure evolu-
tion. The samples that were heat treated in the
Table II. Time and Temperature Conditions for the 51CrV4
Dilatometric Tests
Temperature K (C) Time
573 (300) 250 s 3600 s
693 (420) 125 s 2500 s
783 (510) 500 s 3600 s (80000 s)
Fig. 1—Graphs of the cooling and isothermal holding segments of
the dilatometric tests. (a) Relative change in length vs temperature,
during the cooling part of the heat treatment. (b) Relative change in
length vs time, for isothermal holding at diﬀerent temperatures.
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dilatometer have been analyzed by means of optical
microscopy. Representative examples of the morpholo-
gies formed are presented in Figure 2. In order to show
the scale at which the segregation occurs, low magniﬁ-
cation micrographs are shown.
Bainite was found to form during all heat treatments.
The temperature of the isothermal holding determines
the microstructure and the ﬁnal fraction of bainite
obtained. It can be observed that bainitic ferrite plates
do not nucleate homogeneously at all temperatures;
indeed, a banded structure forms at early stages of the
transformation. The microstructure becomes more
homogeneous at the scales of Figure 2 after 1 h of
isothermal annealing at 573 K (300 C). For the higher
temperatures, untransformed regions (appearing white
in the micrograph) are identiﬁed after the transforma-
tion ceases [see Figures 1(b) and 2(b)]. It is of particular
interest to mention that the sample quenched after
500 seconds at 783 K (510 C) exhibited very strong
surface relief, which results in the distortion of the
polished surface, which appears as gray in Figure 2(e).
The diﬀerences in the appearance of the bands among
the samples could be attributed to the initial position of
the dilatometer sample in the hot-rolled bar, from which
Fig. 2—Low magniﬁcation micrographs showing the microstructure obtained after interrupted isothermal treatments, with the time and tempera-
ture indicated in the top right corner of each micrograph. In all cases, dark-etching phase is bainite and white-etching phase is fresh martensite
and/or retained austenite. The samples were etched with Nital 2 pct.
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they were taken. The samples that were extracted from a
point closer to the surface, where a higher reduction
ratio is expected, exhibit strongly linear bands. On the
other hand, samples in which the bands show dendritic
characteristics, could have been extracted from a posi-
tion closer to the center of the hot-rolled bar. The
banded structure observed indicates chemical segrega-
tion of substitutional alloying elements in the examined
steel. Electron Probe Micro Analysis was employed to
measure the segregation of Mn, Cr, Si, and V. The
results are illustrated in Figure 3. Since both Mn and Cr
lower the activity of C, Mn- and Cr-rich regions tend to
attract C. Therefore, the carbon segregation occurs in
the same regions and at the same time of the segregation
of substitutional alloy elements. Nevertheless, thermo-
dynamic calculations show that the diﬀerence in C
fraction between the high and the low Mn, Cr contain-
ing region is very small. The obtained value of C
concentration in C-rich and C-poor regions are 0.54 and
0.50 wt pct, respectively, with the average composition
being 0.51 wt pct as reported in Table I.
It is evident that all measured alloying elements
segregate simultaneously in alternating bands with
average width of 150 lm. From the data obtained by
the linear scan presented, Mn, Cr, and Si can reach
concentrations up to 60 pct higher than the nominal or
average composition measured by OES. It was found
that the diﬀerence in chemical composition was at
similar levels in all the samples measured.
For characterization at a smaller scale, SEM was
applied on the same samples. The micrographs are
shown in Figure 4.
After isothermal treatment for 500 seconds at 573 K
(300 C), the microstructure consists of bainitic ferrite in
plate morphology and cementite particles precipitated
within the bainitic ferrite with orientation 55 to 60 deg
to the growth direction of the plate.[13] This microstruc-
ture typically represents lower bainite. Fresh martensite/
retained austenite was also present around the lower
bainite.
After isothermal treatment for 250 seconds at 693 K
(420 C), the structure of bainite is diﬀerent. The
microstructure consists of sheaves of bainitic ferrite with
boundaries indicating edgewise growth, with coarse cemen-
tite precipitates. The precipitates do not have speciﬁc
orientation to the growth orientation of the bainitic ferrite
sheaf. Cementite occasionally is found to form a central
lamella, toward the growth direction of the bainitic ferrite
sheaf, as also reported in Reference 14 in a Cr-rich,
high-carbon steel. Fresh martensite and/or retained austen-
ite islands are also identiﬁed, which indicates that the
bainite reaction was incomplete within the time limit of the
experiment, as can be also seen in Figure 1(b).
After isothermal treatment for 3500 seconds at 783 K
(510 C), the microstructure is banded, with fresh
martensite being the dominant phase. In this case, at the
very early stages of the transformation, a small fraction of
bainitic ferrite forms at the prior austenite grain bound-
aries in the absence of any carbide precipitation. The
morphology of this ferrite is diﬀerent than the ones found
at lower temperatures. The ferrite fraction formed at this
temperature is formed at the early stages of the isothermal
holding (up to 500 s), but the fraction produces macro-
scopic change in length that is below the analytical
resolution of the dilatometer, as observed in Figure 4(b).
After ferrite has formed, a dark-etching austenite decom-
position product begins to form, initially at the tips of the
bainitic ferrite, but at later stages it is also found at other
martensite-ferrite boundaries. In the SEM, Figure 4, it
was possible to identify that this product has a needle-like
morphology with its constituents being ferrite and
cementite. The cementite is found in the middle of the
needle with ferrite around it, along the needle’s growth
direction. The needles also form branches, often perpen-
dicular to the growth direction of the main needle. The
carbides were also found to have a curved shape, which is
attributed to the possible local stacking fault variation, as
described in Reference 15.
The presence of retained austenite is diﬃcult to be
veriﬁed with the optical microscopy or even SEManalysis.
In order to verify the presence of retained austenite in the
ﬁnal microstructure, samples of the isothermal treatments
were analyzed by means of X-ray Diﬀraction. The results
of themeasurements showthat inall cases [573K,693K,or
783 K (300 C, 420 C, or 510 C)], a limited volume
fraction of approximately 2 pct austenite was present.
These results indicate that most remaining austenite
transformed into martensite during the ﬁnal quench
after the isothermal treatment but there is a limited
fraction of austenite that is stable enough to be retained
at room temperature.
IV. DISCUSSION
The microstructural evidence of banded structures
found at short isothermal holding times that become
(more) homogeneous as the isothermal holding time
becomes longer, needs further discussion. The
microstructures produced experimentally raise questions
Fig. 3—Electron probe microanalysis results of an as-received sam-
ple. Mn, Cr, Si, and V are found to form segregated bands. The seg-
regation of these elements follows the same trend and the high
segregation areas can be matched with the martensite/austenite re-
gions (white in SEM).
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about the formation mechanism and the nature of
bainite transformation. The chemical inhomogeneity
will be used as a tool to interpret the evolution of the
bainitic transformation in 51CrV4 steel.
A. Diffusionless Assumption: Driving Force for
Nucleation and Nucleation Rate
Assuming that bainite forms by a diﬀusionless mech-
anism, the formation kinetics is determined by the
nucleation rate of bainitic ferrite. In the present case, the
microstructure analysis for the interrupted samples after
short isothermal holding times shows that bainitic ferrite
is detected only in the Mn-Cr-poor regions. In the
Mn-Cr-rich regions, no evidence of bainitic ferrite
formation is found. At longer times, especially at lower
temperatures [573 K (300 C)], the bainitic ferrite forms
in the whole sample. This change in the microstructure
can be attributed to a diﬀerence in the formation
kinetics of bainitic ferrite between the diﬀerent regions.
Fig. 4—Scanning electron micrographs showing the diﬀerent bainite morphologies obtained after isothermal holding at diﬀerent temperatures.
The samples were etched with Nital 2 pct.
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Following the diﬀusionless assumption, this diﬀerence in
the formation kinetics can only be attributed to the
diﬀerence in the nucleation conditions of bainitic ferrite
plates in the regions according to the local chemical
composition. One would expect that the nucleation
conditions be fulﬁlled only for the compositions under
which bainitic ferrite is found to form experimentally. In
order to validate this assumption, the theoretical nucle-
ation conditions for the extreme values of the local
composition were calculated.
According to diﬀusionless theory, bainite is expected
to form when two conditions are fulﬁlled simultane-
ously. First, the maximum driving force for nucleation
DGm must be higher than the value given by the general
nucleation function. Additionally, the driving force for
transformation of austenite into ferrite must exceed the
energy barrier for bainite, so diﬀusionless growth can be




where both DGm and DG
cﬁa are negative; GSB is the
stored energy of bainite, equal to 400 J/mol; and GN is a
universal nucleation function. The ﬁrst of these condi-
tions ensures that nucleation takes place and the second
is that the chemical free energy change exceeds the
stored energy of bainite. The driving force for nucle-
ation of bainitic ferrite was calculated for diﬀerent
temperatures for both the high and low Mn, Cr
compositions, as derived from the segregation curve in
Figure 3 using Thermo-Calc software. The calculations
performed are illustrated in Figure 5. In the temperature
range of bainite formation in 51CrV4, it is evident that
the both chemical compositions fulﬁll both nucleation
conditions at low temperatures, while at high temper-
ature, the T0¢ limitation (indicated in Figure 5) for
highly segregated chemical composition could explain
the incomplete reaction observed. This means that the
local chemical composition would allow the formation
of bainitic ferrite nuclei at 573 K both in the Mn-Cr-rich
regions and in the Mn-Cr-poor regions. Thus, we would
expect to have a generally homogeneous microstructure
at low temperatures. Additionally, the formed nuclei are
expected to be evenly distributed in the microstructure.
Neither of these expectations could be veriﬁed, at the
scale detectable by the techniques used.
B. Thermodynamic Calculations: Similarities with High
C Steels
Figure 6 shows the calculated Fe-C phase diagram of
51CrV4 alloy with constant fractions of Cr, Mn, and Si.
For the calculations of Figure 6(a), the minimum values
of concentrations of Figure 3 were used, while
Figure 6(b) is constructed based on the maximum
values. The calculations were performed with Thermo-
Calc software. The 51CrV4 alloy can actually behave
like hyper-eutectoid steel in regions containing high
concentrations of Cr and Mn, even though the overall
Fig. 6—Ortho-Equilibrium phase diagram calculations for the chem-
ical compositions of the high and low concentration bands. Cemen-
tite becomes unstable below 713 K (440 C) and Cr-rich carbide
precipitation is favored. Dashed lines indicate the carbon concentra-
tion of 51CrV4. Calculations were performed by Thermo-Calc soft-
ware using TCFE5 database.
Fig. 5—Composition-dependent driving force vs temperature for
diﬀusionless nucleation and diﬀusionless growth conditions. GN is a
universal nucleation function.
METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 47A, JUNE 2016—3083
composition is hypo-eutectoid (or near eutectoid),
Figure 6. The fact that 51CrV4 can behave like a
hyper-eutectoid steel explains morphological similarities
between this medium-carbon steel and ﬁndings reported
for bainite in higher carbon steels.
The isopleths of Figure 6 also show that the austenite
decomposition under equilibrium in the high and the low
segregation regions will be diﬀerent. In the case of the low
segregation chemical composition, the austenite will
decompose into ferrite and cementite ﬁrst and at lower
temperatures, below 850 K (577 C), also precipitation of
M7C3 is expected. In the case of high Cr and Mn
segregation chemical composition, the austenite is
expected to decompose ﬁrst into M7C3 (proeutectoid),
with ferrite and cementite forming at lower temperatures.
Bainitic ferrite formation is accompanied by carbon
diﬀusion in the austenite matrix. For high value of the
interface mobility, the carbon content in austenite at the
interface is given by equilibrium value in austenite at the
selected transformation temperature. Figure 7 shows the
Fe-C quasi-binary phase diagram calculated under the
assumption that the ferrite formation occurs without the
partition of the substitutional alloy elements (Cr, Mn,
and Si). This constrain equilibrium is called para-equi-
librium (PE).
C. Effect of Carbide Precipitation
Generally, carbide precipitation during bainite for-
mation leads to enhancement of the overall kinetics of
the transformation. This is especially evident when
comparing high Si steels, in which carbide precipitation
is inhibited, with lean Si steels, where carbide precipi-
tation takes place.
In the present case, 51CrV4 contains low Si content,
but it contains Cr and V, both known to be car-
bide-forming elements. The carbide-forming elements
could aﬀect the carbide precipitation process during
bainite formation. The behavior of Cr during carbide
precipitation in the bainite transformation constitutes a
topic that is still not completely understood.[16]
In order to validate if Cr is diﬀusing during carbide
precipitation, chemical composition analysis of the
carbides was performed using STEM-EDS. The results
show that in the specimen heat treated at 573 K
(300 C), the carbides are richer in Cr than the carbides
in the specimen that transformed at 693 K (420 C),
with both values being higher than the matrix compo-
sition. The Mn content is very close to the alloy
composition of Table I in all measurements. In
Table III, the average Mn, Cr contents of the carbides
measured are shown for the two cases and Figure 8
shows representative spot EDS analysis points, as
observed through the STEM. The enrichment of the
carbides in Cr is a process that requires long-range
diﬀusion of Cr. This is expected to have a negative
impact on the overall kinetics of the bainite
transformation.
The Cr contents of the carbides measured by EDS
need to be further interpreted. It is shown in Figure 6
that at the temperature range of bainite formation, alloy
carbides should form and especially in the case of high
segregation chemical composition, cementite is not
stable at 573 K (300 C). This is only true under the
assumption of possible substitutional alloying element
partitioning during the transformation. In practice, at
low temperature, the transformation of austenite to
bainitic ferrite and carbides may proceed without
partitioning of substitutional elements (PE). In this
case, Cr should not partition, and only PE cementite
should be formed.
Carbides precipitation is expected to occur in austen-
ite at the interface with the bainitic ferrite, where the
carbon content is high. For high-carbon content
(>0.8 wt pct), even under full equilibrium, only cemen-
tite is stable (Figure 6). Figure 9 shows the chromium
content in a nucleus of cementite formed at 573 K,
693 K (300 C, 420 C) as a function of carbon content
in the austenite matrix. It is evident that the chromium
content in cementite decreases as the carbon content in
matrix increases, as also reported in the literature.[12]
The calculations were done using the thermo-calc
software under the assumption of Cr partitioning
between austenite and cementite. The Cr content values
measured by EDS for the temperature of 573 K, 693 K
(300 C, 420 C) imply a diﬀerence in the maximum C
content reached during bainite formation at the bainitic
ferrite-remaining austenite interface. Further research is
performed to better understand this point. Even though
the compositional analysis of carbides by EDS in foil
specimens can be inﬂuenced by the matrix composition,
the Cr content values measured by EDS correspond well
to the calculated values of Cr content in cementite for
equilibrium conditions.
Apart from the substitutional elements, during car-
bide formation diﬀusion of C is required, which is taken
Fig. 7—Quasi-Binary Fe-C para-equilibrium phase diagram for
51CrV4.
Table III. Average Chemical Composition of Carbides Mea-
sured with STEM-EDS in Bainite
Temperature Cr (wt pct) Mn (wt pct)
573 (300) 2.87 ± 0.1 1.01 ± 0.05
693 (420) 1.8 ± 0.1 1.01 ± 0.05
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for granted, as C is an interstitial atom and its diﬀusivity
is several orders of magnitude higher than the one of the
substitutionals, like Cr. During bainite formation, when
a plate of bainitic ferrite forms, there is driving force for
C diﬀusion into the remaining austenite or into the
carbides. An important diﬀerence between the two
possibilities is that when C diﬀuses into the remaining
austenite, the overall driving force for bainite formation
reduces, but when it diﬀuses into the carbides, the
driving force increases. As in the present case, carbide
precipitation can be retarded because of the Cr parti-
tioning, C diﬀuses partly into the austenite and stabilizes
it. The carbon enrichment of the austenite could be
detected by the dilatometric signal in the change in
length—temperature plot, Figure 1(a). During the ﬁnal
quench, fresh martensite formation begins at diﬀerent
martensite start temperatures. These temperatures
decrease as the isothermal holding temperature
decreases. Considering that the substitutional alloying
elements do not have enough time to diﬀuse over long
ranges during martensite transformation, only the car-
bon could aﬀect the overall martensite start tempera-
ture. The enrichment of the untransformed austenite in
C and its stabilization could provide additional reasons
for the local retardation of the bainite transformation.
D. Inverse Bainite
If the local composition is hyper-eutectoid in the
quasi-binary Fe-C diagram, cementite can become the
leading phase in the bainite formation at high isother-
mal holding temperatures, close to 773 K (500 C),
which results in the formation of the austenite decom-
position product that has been reported ﬁrst by
Kinsman and Aaronson[14] and more recently by
Kolmskog[10] as inverse bainite, identiﬁed in high-
carbon, Mn, Cr and Mo alloyed steel grades. The
dark-etching microstructural constituent found in the
present study to form at 783 K (510 C) after isothermal
holding shows similarities with inverse bainite as not
only observed by Kinsman and Aaronson,[17] but also
recently by Borgenstam et al.[18] Goldenstein and
Cifuentes[15] in their study of austenite decomposition
products in a Cr-containing steel mainly above the bay
of the TTT diagram have shown that just below the bay
temperatures, the decomposition products have a
so-called ‘‘arborescent’’ morphology with needles form-
ing branches, which is also identiﬁed in the present case.
Additionally, the equivalence of the alloy composition
to a hyper-eutectoid steel in the high segregation areas
Fig. 9—Equilibrium content of Cr in cementite with respect to its
carbon content.
Fig. 8—Scanning Transmission Electron micrographs showing repre-
sentative spot EDS analysis positions in: (a) lower bainite [573 K
(300 C)] and (b) upper bainite [693 K (420 C)].
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leads to the suggestion that the microstructure at 783 K
(510 C) consists of bainitic ferrite (formed at early
stages) and inverse bainite (formed at later stages) in a
martensitic matrix.
E. Effect of Vanadium
The 51CrV4 steel was originally designed to be used in
the Quenched and Tempered (Q+T) condition. The
intention of the Cr addition is to increase the harden-
ability, whereas V is added to induce a secondary
hardening eﬀect during the tempering step. From the
thermodynamic calculations for VC precipitation, it
results that VC becomes stable around 1183 K (910 C),
which is higher than the austenitization temperature.
This means that VC is stable throughout the heat
treatment and could play a role in stimulating nucle-
ation of bainitic ferrite at the isothermal stage. Apart
from that, since V is altering thermodynamics of the
fcc-bcc interaction negligibly, it does not play any other
role in the microstructure evolution. By applying an
isothermal treatment though, the secondary hardening
eﬀect that V induces during tempering is not exploited
as it is during Q+T.
F. The Role of Chromium—Indications for Diffusional
Mechanism
Based on the observations resulting from the exper-
iments performed in this study, it is suggested that the
overall bainite formation kinetics is not only inﬂuenced
by the nucleation, but are also signiﬁcantly inﬂuenced
by the growth of the nucleated bainitic ferrite. The
inﬂuence of growth on the mechanism of bainite
formation leads to the suggestion that the transforma-
tion can be diﬀusional in nature. To further support this
suggestion, the behavior of the substitutional elements,
and the possible presence of inverse bainite can all be
consistently explained by the diﬀusional theory. Mn and
Cr are both well known to retard the bainite formation,
especially at isothermal holding temperatures close to
the bainite start temperature, by solute drag. They are
also responsible for incomplete transformation. These
cases are well reported in the literature.[19] Recently,
Chen et al. have performed detail analysis on the solute
drag eﬀect caused by the Mn segregation at the a/c
interface in Fe-C-Mn alloys containing low fractions of
C and 3.0 wt pct Mn.[20] In their experiments, they have
shown that Mn retards the bainite formation signiﬁ-
cantly. In the present case, the Mn chemical composi-
tion diﬀerences are not large enough to produce such an
eﬀect, thus the additional role of Cr is considered critical
for producing the observed microstructures. We con-
sider the role of Cr to be particularly important in this
case because it is found to aﬀect the resulting
microstructure diﬀerently at high and low isothermal
holding temperatures. At high temperatures, near 773 K
(500 C), growth of bainitic ferrite is almost inhibited It
has been suggested that Cr produces a solute drag eﬀect
at the moving interface of bainitic ferrite, which
dramatically retards the growth of the plate.[8] At lower
temperatures within the bainite formation range, Cr
retards the kinetics of the bainite reaction by partition-
ing into the carbides. In an inhomogeneous material, as
the one studied in the present research, the above-de-
scribed phenomenon will result in a banded microstruc-
ture in the early stages of the transformation, but if
enough time in the isothermal holding step is allowed,
the microstructure will eventually become homoge-
neous. From the experimental observations, this is true
for isothermal holding temperatures close and above the
martensite start temperature, but when the isothermal
holding temperature becomes higher, still incomplete
reaction is evident, which is then attributed to the solute
drag eﬀect.
V. CONCLUSIONS
An isothermal treatment was applied to 51CrV4 steel
grade as an alternative to quenching and tempering. The
bainite formation mechanism was studied and discussed.
By performing dilatometer tests and microscopy anal-
ysis, the following conclusions are found:
1. Homogeneous lower bainitic microstructures at
holding temperatures close and above the marten-
site start temperature can be produced, even though
it contains chemical segregation when produced
industrially.
2. At higher temperatures, significant retardation or
the transformation was observed, leading also to
incomplete reaction. Incomplete reaction was ob-
served mainly at the bands of the material where the
concentration of substitutional alloying elements
was high due to segregation.
3. It is suggested that Cr retards the bainite formation
in two ways, depending on the isothermal holding
temperature. At high temperatures, close to the
bainite start temperature, Cr retards the growth of
the nucleated bainitic ferrite by retarding the
interface mobility (solute drag effect). On the other
hand, at temperatures below 693 K (420 C), Cr
partitions into the carbides, a process requiring
long-range diffusion. A certain fraction of the
rejected C from the newly formed bainitic ferrite
can diffuse into the residual austenite, before the
rest is consumed in the carbide precipitation. The
stabilization of the austenite leads to an overall
retardation of the bainitic transformation at
isothermal holding temperatures close to and above
martensite start temperature.
4. Bainite formation kinetics cannot be solely ex-
plained by the bainitic ferrite nucleation kinetics,
and it is evident that it is closely linked to the
bainitic ferrite growth kinetics. Considering also the
effect of growth in the kinetics, banded structures
appearing at the early stages of the transformation
that become homogeneous in the end of the
treatment can be consistently explained.
5. Inverse bainite was found to form at 783 K (510 C),
attributed to the high local Cr segregation.
6. All the above-described observations lead to the
suggestion that the bainite formation can be
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described by the diffusional approach in this type of
alloys.
7. The vanadium addition in this grade does not
influence the bainitic transformation. Vanadium
carbides form at temperatures within the austenite
stability region, and are therefore stable at the
isothermal transformation temperatures.
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